A relatively new strategy to longitudinally monitor tumor load in intact animals and the effects of therapy is noninvasive bioluminescence imaging (BLI). The validity of BLI for quantitative assessment of tumor load in small animals is critically evaluated in the present review. Cancer cells are grafted in mice or rats after transfection with a luciferase gene, usually that of a firefly. To determine tumor load, animals receive the substrate agent luciferin intraperitoneally, which luciferase converts into oxyluciferin in an ATP-dependent manner. Light emitted by oxyluciferin in viable cancer cells is captured noninvasively with a highly sensitive CCD camera. Validation studies indicate that BLI is useful to determine tumor load over time, with each animal serving as its own reference. BLI is rapid, easy to perform and sensitive. It can detect tumor load shortly after inoculation, even when relatively few cancer cells (2,500-10,000) are used. BLI is less suited for the determination of absolute tumor mass in an animal because of quenching of bioluminescence by tissue components and the exact location of tumors because its spatial resolution is limited. Nevertheless, BLI is a powerful tool for 'high'-throughput longitudinal monitoring of tumor load in small animals and allows the implementation of more advanced orthotopic tumor models in therapy intervention studies with almost the same simplicity as when measuring traditional ectopic subcutaneous models in combination with callipers.
Introduction
Animal models remain important experimental tools to investigate mechanisms of tumor development and effects of therapy. Since cancer progression consists of a wide variety of events such as primary tumor growth, angiogenesis, invasion into surrounding tissues, extravasation of cancer cells and growth of metastases 1, 2 , it is likely that (potential) therapies may be effective at certain stages of cancer progression only. Thus far, assessment of the effects of therapeutic intervention has usually been made using subcutaneous (sc) implanted tumors, which, however, do not recapitulate many of the essential features of tumor growth in patients 3 . Whereas orthotopic implanted tumors mimic the clinical situation more closely and may be preferred 4, 5 , assessment of such tumor burden initially required the sacrifice of animals at a certain time point after cancer cell inoculation and evaluating tumor load at time of death. The course of tumor development in time was then assessed by comparing groups of animals that were sacrificed at different time points. Because of substantial inter-individual variation, large numbers of animals and laborious efforts were required, rendering the use of orthotopic models highly impractible 6 . Noninvasive determination of tumor load over time in individual animals can reduce numbers of animals in experiments considerably and provide information on the various stages of tumor development [7] [8] [9] . Alternatively, tumor load in animals is determined by surgically opening of the animals to inspect the organ affected by cancer 10 , but this type of procedure causes considerable discomfort to the animal and may also affect cancer progression by operation-related effects such as activation of the coagulation cascade 11 . Tumors that are not visible or palpable noninvasively can also be visualized by special preparation of tissues. Skin-fold chambers and subcutaneous windows inserted with semitransparent material can be used to visualize tumor development at a (sub)cellular level for longer periods of time 12, 13 . These techniques can also be combined with externalization of organs of interest 14 . However, the maintenance of windows for longer periods of time is rather difficult 14 . Furthermore, investigations are limited to areas exposed by the chamber or window. The use of skin flap models can extend the areas of investigation considerably 15 . Again, these approaches have the disadvantage that heterotopic tumors are used and operation-related effects may affect tumor development.
Noninvasive imaging
Several noninvasive approaches to image tumor development in small animals have become available such as magnetic resonance imaging (MRI), computerized tomography (CT), positron emission tomography (PET), single photon emission computed tomography (SPECT) and ultrasonography. Each approach has its own advantages and disadvantages. MRI, CT and ultrasonography produce anatomical images of structures in the body, whereas PET and SPECT image physiological processes and thus produce functional images. Their use for the in vivo study of cancer progression in small animals has been 6 K1735Br2lucA3 melanoma cells expressing luciferase at day 0 (31). Bioluminescence generated by luciferase activity is visualized using a supercooled CCD camera (31) at day 1, 7, 15 and 19 after inoculation of the melanoma cells. The drawn ovals demarcate the region of interest (ROI 1) that was selected for the quantification of the bioluminescence signal in the lungs. The mouse also shows bioluminescence in the tail and the abdomen indicating metastatic activity at the site where cancer cells were administered and cancer cells spread to abdomimal organs. Figure  1 and 2, the low spatial resolution of in vivo bioluminescence imaging is obvious. After 19 days, animals were sacrificed. Immediately afterwards, the abdominal cavity was opened and the inferior cava vein was cut in order to prevent blood flow into the chest cavity during operation. Then the chest cavity was opened and the lungs were expanded by intratracheal administration of 0.7 ml of a solution of 6% (w/v) polyvinyl alcohol (49) in PBS, to keep the structure of the lungs intact. Subsequently, the trachea was closed by suture (blue thread), lungs were removed, frozen in liquid nitrogen and stored at -80°C until used. reviewed recently 7, 8, 16 . Alternatively, the use of two relatively new noninvasive approaches, fluorescence imaging (FLI) and bioluminescence imaging (BLI) is expanding rapidly.
Noninvasive FLI
For FLI, cancer cells are transfected with the gene for green fluorescent protein (GFP) or related fluorescent proteins that allow visualization of these cells in living animals using a sensitive CCD camera [17] [18] [19] . Large tumors can even be observed noninvasively with the naked eye 20, 21 . Other reporter genes have been applied as well that make cells fluorescent when a specific promoter is activated 22 or encode for an enzyme such as ß-galactosidose that produces a fluorescent product 19 . The use of skin-flaps in combination with high-power microscopes even allows investigation of these tumors at a single-cell level 15 . Additionally, non-fluorescent cells or tissue compartments can be studied against a fluorescent background of the cancer cells as they contrast with this background. In this way, host (immune) cells and angiogenesis have been studied in tumors 15, 17, 23 . A disadvantage is the fact that cancer cells have to be transfected with a reporter gene and that may alter their malignant behaviour. Moreover, visualization of fluorescent cancer cells in the deeper parts of animals that cannot easily be exposed is often hard or even impossible because of interference by autofluorescence and quenching of excitation and emission light by tissues 7 . Excitation light and emission light are often of wavelengths below 600 nm and at these wavelengths tissue components quench strongly 21, 24, 25 . Light at wavelengths between 600 and 900 nm is more optimal for use in live animals as tissues are more translucent (8, 19, 26) and produces less autofluorescence 8, 16, 21, 24 . However, the food in the gastrointestinal tract may contain plant products that are fluorescent at longer wavelengths and thus interfere with the sensitivity of FLI 24 . (31) and images of sections of these lungs after Giemsa staining were taken at day 19 after killing the animals (B, C). One mouse shows high levels and one mouse shows lower levels of bioluminescence at day 19 and these noninvasively-collected data correspond with the numbers of tumors (arrows) found in sections of the lungs (B, C).
Noninvasive BLI
In general, BLI is based on ATP-dependent conversion of luciferin by luciferase into the light-emitting product oxyluciferin. Cancer cells transfected with a luciferase gene of the firefly Photinus pyralis are inoculated and subsequent bioluminescence measurements after administration of the substrate, luciferin, provide information on the amount of luciferase activity and thus cancer cells in the animal 7, [27] [28] [29] . It has been shown that BLI can be used to track cells anywhere in the body following ip administration of a saturating dose of luciferin, including potential sanctuary sites like the brain 30, 31 . ATP that is required for the enzyme reaction is endogenously present in (viable) cancer cells. The bioluminescence signal increases during the first minutes, reaching a plateau after about 10 to 15 min and remains constant until approx 40 min after luciferin injection 31 . Consequently, a safe time frame to read the BLI signal is within 20-30 min 30, 31 . There are a number of alternatives for luciferase from other organisms to produce bioluminescence 28, 32 , but BLI with firefly luciferase remains the most obvious option at present because of its spectral characteristics and the pricing of the substrate. Noninvasive BLI is easy to perform and is not affected by movements in the body due to heartbeat and breathing. The downside of BLI is the low spatial resolution 7, 8 (compare Figure 1 and 2). However, spatial resolution can be obtained afterwards by macroscopical ( Figure 2 ) or microscopical ( Figure 3 ) inspection of relevant tissues guided by BLI images (Figure 1 ). Another disadvantage of BLI is that cancer cells need to be genetically modified in order to carry the luciferase gene, which makes a direct translation of data in animal studies to the clinic impossible. On the other hand, noninvasive BLI can be far more sensitive than any of the other noninvasive techniques. It is the only approach that can image cancer cell load from the moment that cancer cells are administered to the animals ( Figure 1 and 4) . Moreover, the formation of bioluminescence is ATP-dependent and therefore, only metabolically-active cancer cells contribute to bioluminescence production and as such the bioluminescence signal is only derived from living cancer cells and not from necrotic areas in tumors 7, 28 . BLI is also more sensitive than FLI because it does not require an external excitation light source 21, 24, 25, 33 . BLI is performed in absolute darkness, thus avoiding the interference with background light and autofluorescence, making the measurement of small lesions more reliable 16, 21, 24 . Furthermore, only the emitted light produced in BLI has to travel through quenching tissue layers. Quenching of the signal by tissue components does occur, but at an acceptable level. Bioluminescence of oxyluciferin has a broad spectrum with a large component above 600 nm where hemoglobin and melanin (primary light quenchers in tissues) absorb relatively little light 28 . Hair scatters light and although nude mice may be preferred for BLI in this respect 21 , useful results can also be obtained in hairy and pigmented mice. The technique has been successfully used to monitor cancer metastasis and the effects of antineoplastic therapy in animal models 31, [33] [34] [35] [36] [37] [38] [39] . The relationship between the bioluminescence signal in intact animals and viable cancer cell load has to be valid. In other words, the bioluminescence signal has to represent quantitatively the amount of cancer cells in the animals. Surprisingly few studies have been devoted thus far to establish a direct quantitative relationship between the bioluminescence signal in live animals and their cancer cell load. The aim of the present review is the critical evaluation of validation studies of BLI in intact animals as a measure of viable cancer cell load. Because most studies used only superficially-implanted solid tumors underneath skin or skull, we have included data from a validation experiment in a melanoma metastasis model in which small tumors develop diffusely throughout the lungs (Figure 1 and 2) .
Sensitivity of noninvasive BLI
Sensitivity of BLI is dependent on various factors, such as luciferase expression levels in the cancer cells, the site of implantation of the tumors (amount of tissue between the bioluminescent cancer cells and the camera), oxygenation and viability of the tumors, and sensitivity and settings of the camera (especially the clustering of pixels as this determines the signal-to-noise ratio). It is important for the determination of the sensitivity of BLI in a certain setting that background levels of photon fluxes are determined and reported because these levels determine the sensitivity of the system for a great deal. Table 1 lists the studies that investigated sensitivity and validity of BLI to quantify tumor load noninvasively. It shows that sensitivity depends on the way cancer cells are inoculated: sc, intraperitoneally (ip) and intravenously (iv). When tumors are solid masses located closely to the surface of the animal, sensitivity is highest. When cancer cells are diffusely 6 luciferase-expressing melanoma cells and bioluminescence was determined at days 1, 7, 15 and 19 after inoculation (31) . The bold line shows the bioluminescence data of the mouse shown in Figure. 1. present ip, sensitivity is similar or somewhat less, whereas iv inoculation leads to the lowest sensitivity. When cells are inoculated orthotopically, intramuscularly or intracranially, sensitivity resembles that of solid masses that are inoculated sc or is somewhat less. The higher numbers of cancer cells that need to be inoculated iv than sc or ip can be explained by the usually deeper tissue layers where iv-inoculated cancer cells grow, the more diffuse development of tumors after iv inoculation (Figure 2 and 3) , and the lower grafting efficiency after iv inoculation in comparison with sc or ip inoculation. Nevertheless, detection of 400 to 1,000 cancer cells inoculated sc or ip and 1,000-10,000 cancer cells inoculated iv appears to be feasible using BLI, which makes it the most sensitive noninvasive method yet available. A number of studies compared sensitivity of BLI with FLI and found that BLI was far more sensitive due to the much lower background 21, 24 . A different setup in which B-cell lymphoma cells that expressed both luciferase and GFP were inoculated iv and were used to compare BLI data with numbers of GFP-labelled cancer cells in spleen and liver (major sites of cell proliferation) as detected after sacrifice by FACS analysis demonstrated that BLI was far more sensitive 40 . In conclusion, BLI is capable to detect low numbers of luciferase-expressing cells under proper conditions, which is important for its implementation in therapy-intervention studies. However, BLI is not yet sensitive enough to track cells at the single cell level.
Validity of noninvasive BLI
The validity of noninvasive quantification of the BLI signal as parameter for tumor load has been tested in various ways and the outcome is shown in Table 1 . BLI data were correlated with the amount of transfected tumor cells injected (ip and intramuscularly (im; 33 ), with tumor volume measurements using callipers of sc-inoculated cancer cells 41, 42 , MRI volume measurements of intracranially growing tumors 30, 43 , weight measurement of tumors 37, 42 and FACS analysis of tumor cells in affected tissues 40 . In all cases where tumors grew as relative uniform and/or wellconfined lesions, good correlations were found between BLI data and tumor volume or tumor weight data. A good correlation was also reported between total lung weight and BLI data of metastatic lung tumors after iv inoculation of cancer cells in the tail vein 41 . However, we were not able to confirm this when comparing noninvasive in vivo BLI data with standard histologic scoring ( Figure 5 ) or ex vivo (in vitro) bioluminescence measurements of whole lung tissue lysates ( Figure 6 ) of diffuse lung tumors after iv inoculation of cancer cells in the tail vein. We . When the Pearson's correlation test for normally distributed data was applied to the logarithmic values, only the second microscopical scoring method was found to correlate in a statistically significant manner (coefficient, 0.76 [p<0.001]). The finding that inclusion of very small lesions reduces the correlation is likely due to the fact that they contribute only minimally to the emission of light whereas these smaller lesions contribute equally to the total count of lesions as the larger ones. So, most studies report moderate to good correlations between tumor mass and BLI signal. However, data of El Hilali et al. 33 , who compared in vivo BLI data with ex vivo luminescence of tumor tissue lysates, suggests that the BLI intensity increases non-proportionally with tumor mass as determined by ex vivo bioluminescence in tissue lysates. The authors explained this phenomenon by proposing that larger tumors show increased optical density and thus increased quenching of the signal and reduced availability of substrate to the tumor core. If this would prove to be a common phenomenon, it would imply that tumor load is underestimated when using BLI. Importantly, however, BLI is mainly used for longitudinal assessment of tumor growth, Figure 6 . Correlation between the logarithmic bioluminescence data at day 19 and (A) logarithmic number of (A) all tumors in the lungs irrespective of their size or (B) tumors that were at least 5 cells in diameter. Microscopic scoring was performed to determine tumor load. Sections (6 μm thick) of lungs of 20 mice shown in Figure 4 were cut using a motor-driven cryostat. To perform reproducible sampling that was indicative for the entire lungs, sectioning was performed starting at the base of the lungs and sections 600 μm apart were selected (50) . Giemsa-stained sections were used for quantitative assessment of numbers of tumors. To allow comparison of adjacent sections (i.e. 600 μm apart) overviews of the sections were prepared by scanning and printing digital images (50) . Cancer cell clusters that were recognized microscopically were marked on these printouts. The marked printouts were compared and tumors present in the same location in consecutive sections were counted once only. Two methods of scoring were applied. In the first method, every cluster of melanoma cells, however small, was considered as a tumor. In the second approach, only clusters or tumors of melanoma cells were counted that were at least 5 to 6 cells in diameter in the sections.
for example in drug intervention studies, and not for single assessment of tumor burden. Therefore, it is possible to normalize the BLI signal relative to the BLI signal at the reference date (i.e. start of therapy; 31 ). This normalization greatly reduces the inter-animal variation in BLI signal during the course of the study. When the position of the animal towards the camera is kept constant from measurement to measurement (Figure 1) , inter-animal reproducibility of the relative BLI signal is acceptable (Figure 4b ). On the basis of our own experience, a group size of 8 test animals versus 8 controls is sufficient, which is not different from the group size used within sc tumor models.
BLI in therapy intervention studies
BLI is considered to be particularly useful for longitudinal follow up of tumor growth during therapy intervention studies, especially since it allows the use of more sophisticated orthotopic tumor models instead of sc models. However, relatively few studies have used BLI for this purpose. Thus, it seems fair to state that the implementation of this methodology is still very much in its infancy. Inter-animal variation can be reduced significantly by measuring the BLI signal just prior to initiation of the intervention (reference). This reference signal can be used to stratify the animals into control versus treatment groups with approximately similar mean BLI signals (i.e. tumor load). The BLI signal of subsequent images of each animal can be normalized relative to the reference BLI signal of the same animal 31 . This normalization helps to reduce the interanimal variation in BLI signal during the course of the study. Obviously, the position of the animal towards the camera needs to be kept constant from measurement to measurement (as in Figure 1 ). Veenendaal et al. 44 have successfully used this approach in a liver metastases model using 8 animals per study arm. However, it is important to realize that a liver metastasis model was used in which the tumor was implanted as a fragment onto the liver, resulting in a single focal lesion, rather than in disseminated spread of tumors throughout the entire organ as occurs after intra-splenic or portal vein injection. This focal growth may result in a more uniform relationship between BLI signal and tumor load. Similar results have been reported in other models that resulted in solitary lesions, such as brain tumors following stereotactic injection 30, 31 or bone lesions following injections of cancer cells in the femur or tibia 45, 46 . Typically, approx. 7 to 10 mice per group were sufficient to detect relevant differences between test and control groups. Thus, BLI appears to fulfill its promise to enable the use of orthotopic models without the need to use substantially more animals than are used in sc models. Similarly, BLI has been used for monitoring therapy efficacy against bone metastases originating from left ventricle cardiac injection, but here the lesions also developed as clear foci 45 . However, the use of BLI for follow-up of interventions in disseminated disease such as lung or liver metastases may require more animals per group because of substantial interanimal variation in BLI signal. Taking into account our own results in the lung metastasis model (setting day 7 as reference day for normalization), the SD of the BLI signal on subsequent days was similar to the mean BLI value ( Figure 4B ). Consequently, in this case a group size of approx. 13 animals was required to find a 5-fold reduction in tumor growth with a power of 0.8. In contrast, Dikmen et al. 47 using a similar lung metastasis model have used only 3 to 4 mice per group, but this was possible only because of a more than 100-fold difference between treatment and control groups. Likewise, Saur et al. 36 monitoring liver and lung metastases, used much larger groups but used BLI only to discriminate between absence and presence of metastases in these organs. Thus, in case of solitary lesions BLI appears to fulfill its promise to enable the use of orthotopic models without substantially increasing the number of animals relative to sc models. More animals are needed per group for follow-up of metastatic tumor growth. However, these numbers are still considerably smaller than those needed when the tumor burden is determined after sacrifice of the animals.
Conclusion
In conclusion, BLI is a powerful noninvasive tool for longitudinal assessment of tumor load in small laboratory animals. BLI is easy to perform, yielding a very reasonable throughput and an excellent sensitivity compared to other noninvasive imaging modalities. Cancer cell load can be determined from the moment that cancer cells are inoculated in the animals. When tumors are close to the surface or growing as a well-defined focal lesion, a good correlation between BLI signal and actual tumor mass is usually observed. Although this correlation is reduced in metastasis models where multiple lesions grow relatively dispersed throughout the affected organ(s), changes in tumor mass relative to the initial BLI signal can still be accurately quantified when a uniform position of the animals towards the camera or the different imaging days is put into practice. These longitudinal data, with animals serving as their own control, provide information about the course of tumor development in asymptomatic animals and can lead to significant differences between experimental groups using relatively small groups of animals because each animal serves as its own control. These factors reduce both the number of animals as well as the discomfort they are exposed to. Although BLI does not provide information on morphology and/or growth patterns of individual tumors or interactions between cancer cells and host tissue, a combined approach of BLI and FLI, ultrasound or MRI may overcome this. Moreover, post-mortem macroscopical or microscopical analysis of the tissue that contains cancer cells guided by BLI images is another approach to link information on tumor load with structural and functional analysis of tissues involved. Thus, BLI makes it possible to implement more advanced orthotopic tumor models into anticancer drug-development screens with almost the same simplicity as when using ectopic sc models in combination with callipers.
